In this work the influence of microstructure on hydrogen diffusion and impedance of interstitial free (IF) steel was studied. The permeation experiments have shown that electrochemical corrosion of IF-steel in 2M H2SO4 results in evolution and absorption of hydrogen atoms in the material. The obtained diffusion parameters indicate the connection of transport of diffusible hydrogen with traps presented in examined interstitial free steel.
Introduction
Interstitial free (IF) steels are steels with extraordinary shape ability which is why they have found their application in the automotive industry. In recent decades the progress in the production of IF-steel has been accomplished by achieving a very low concentration of interstitial elements (total C ≤ 30 ppm and total N ≤ 40 ppm) [1] . These interstitial elements combine with the stabilizing elements such as Ti or Nb, creating the different types of carbides, nitrides, sulphides, carbonitrides and carbosulphides [2] . This phenomenon of precipitation in ferritic steels enables them to be interstitial free and resistant to ageing [3] [4] [5] .
Although IF-steels meet the stringent requirements of the automotive industry, a major drawback is their low tensile strength, which is partially resolved by applying various metallurgical phenomena [6] . Namely, various substitution elements like P, Mn and Si were added in order to increase the tensile strength, which *Corresponding author: tel.: + 385 44 533 379 (local 224); fax: + 385 44 533 378; e-mail address: begic@simet.hr resulted in gaining high-strength interstitial free (IF--HS) steels. Also, a method of grain refinement with Nb has been applied in order to increase strength.
However, in spite of all this, the maximum value of tensile strength that can be achieved in IF-steel is 450 MPa, which is very low compared to modern high-strength structural auto-steels such as dual phase steels (DP), transformation induced plasticity steels (TRIP) and twinning induced plasticity steels (TWIP) [1, [7] [8] [9] .
In this work the influence of microstructure on hydrogen diffusion and impedance of IF-steel was studied in order to gain insight in characterization of low--alloyed steel products before the enamelling process. Namely, it is known from literature that defects called fish scales can occur on enamel coatings, if the hydrogen that penetrates through the metal during the enamelling is not captured in irreversible traps.
Since it is necessary to determine the hydrogen diffusion coefficient and the type and amount of traps to define the influence of microstructure on hydrogen dif-T a b l e 1. Chemical composition of examined IF-steel (wt.%) fusion, in this work electrochemical method of measuring hydrogen diffusion and permeation through a steel membrane according to Devanathan and Stachurski is applied [10] .
Experimental
The samples used in this study were made of IF-steel which belongs to a group of cold rolled sheets marked as DC06EK according to EN 10209/96 (Table 1) . Such sheets are produced by cold rolling from special killed steel, and are applied in the automotive industry for deep drawing for conventional enamelling. However, unlike conventional cold-rolled sheets for enamelling, IF-steel has a better enamelling ability, because the technology of its production is based on reducing the possibility of creating places that serve as reversible hydrogen traps.
In order to investigate the tendency toward hydrogen embrittlement, it is necessary to hydrogenate the sample using one of the electrochemical techniques. The penetration of hydrogen atoms through steel materials can be accelerated by the simple laboratory procedure of electrochemical examination of hydrogen diffusion in ferrous materials [10, 11] . For permeation experiments the sample was cut from IF--steel sheet of original thickness into plate with dimensions: (5 × 8 × 0.14) cm. The anodic (exit) side of the samples was coated with nickel, because the experimental conditions (medium and electrode potential) were controlled so that the surface at the oxidation side of metallic membrane remained passive or corrosion resistant. Before each measurement, the entry side of the sample was grounded with emery paper to a 600 grit finish, rinsed in distilled water, and degreased in ethanol. The experimental device for monitoring hydrogen diffusion through the metallic membrane consisted of a cell for hydrogen charging (entry part) and an oxidation cell (exit part), separated with a thin steel plate (sample-working electrode) [12] . The entry side of the sample was hydrogenated, so it was placed in contact with the cell filled with 2 mol l In the entry part of the experimental device the hydrogen evolution occurs, which in one part recombines into the hydrogen molecule and releases in the form of gaseous hydrogen, while the second part of hydrogen diffuses through the steel membrane to the anodic part and oxidizes in H + -ions by the influence of applied potential (Eqs. (1) and (2)). The current flow between the steel membrane (working electrode) and counter electrode (Pt-electrode) is registered at potentiostat as permeation current I ( µA), which presents the measure for the amount of hydrogen that diffuse through the steel membrane [13] .
For the purpose of the research phase boundary electrode/electrolyte electrochemical impedance spectroscopy was applied [14, 15] . In order to perform impedance measurements sample of IF-steel in form of plate dimensions (3 × 2 × 0.14) cm was cleaned with abrasive grit No. 100, 220, 320, 400, 500 and 600, rinsed in distilled water and degreased in ethanol. Then the sample (working electrode) was immersed in the medium of 2 mol l −1 H 2 SO 4 in three-electrode glass cell in which saturated calomel electrode-SCE (reference electrode) and Pt-mesh (auxiliary electrode) were found. First, one-hour stabilization of open-circuit potential was started using potentiostat at room temperature T = (19 ± 2)
• C. After that, two impedance measurements in the frequency range from 100 kHz to 10 mHz with amplitude of sinusoidal voltage of 5 mV were performed. The results were analysed using software ZSIMPWin3.21, and in processing the results arithmetic mean of impedance parameters is shown.
For the purpose of metallographic investigations of microstructural characteristics of non-hydrogenated IF-steel, the sample was cut in rolling direction and pressed by "SimpliMet " machine for hot pressing of samples. The sample was then grounded (emery paper No. 400, 500, 600 and 800 grit) and polished by the "Buehler" automatic device for grounding and polishing. The sample prepared in such a way was observed by optical microscope with "Olympus GX 51" digital camera with system for automated picture analysis (AnalySIS Materials Research Lab) to detect the inclusions. After that, the sample was etched by nital 
Results and discussion
On the basis of electrochemical diffusion measurements and taking into consideration the registered hydrogen current at the exit side of membrane I ( µA) and working area A (cm 2 ), the permeation current density of atomic hydrogen i(t ) was calculated according to the following equation [13] :
and displayed as the function of diffusion time i = f (t ) (Fig. 1) . By the analysis of obtained results from diagram i = f (t ), atomic hydrogen permeation current density in steady-state i ss , defined as asymptotic value at permeation curve, is determined. The i ss value is established at the moment when all H-atoms that penetrate into the membrane ease out at the opposite side, where steady-state atomic hydrogen permeation flux is accomplished. Also, the following diffusion parameters have been calculated: diffusion coefficient D eff , time t lag , amount of hydrogen atoms in a steady-state that passed through a metal membrane n (H 2 ), the volume of hydrogen atoms at steady-state that passed through a metal membrane V (H 2 ), atomic hydrogen permeation flux at steady-state J ss and the summation of the sub-surface concentration of hydrogen in interstitial lattice sites and reversible trap sites on the charging side of the sample C 0R [13] . These diffusion parameters were calculated for the four measurements (permeations) and are shown in Table 2 .
In Fig. 1 the four permeation curves are shown: the first curve presents hydrogen transport through the metal membrane which has never been in contact with corrosive medium, while the other permeation transients differ from the first because the membrane has already been in contact with medium and to some extent already hydrogenated. It can be seen from Fig. 1 that hydrogen absorbed in IF-steel at first permeation transient needs 77 min to diffuse to the opposite side of the membrane. When all traps are filled (irreversible and reversible), steady--state flux of atomic hydrogen is established at the exit side of membrane, which can be seen as J ss after 153 min. Every following permeation transient needs less time to reach the opposite side of the membrane, because only the reversible traps are slowing down the hydrogen transport [13] . This is evidenced by the obtained values of time delay t lag listed in Table 2 .
From the values in Table 2 it can be noticed that diffusion parameters are lower by three orders of magnitude than that in crystal lattice of α-Fe (D Fe = 1.28 × 10 −4 cm 2 s −1 ) [16] , which means that lots of traps are present that slow down the transport of H-atoms through a membrane. Namely, it is known that increasing of D eff and decreasing of C 0R strongly depend on hydrogen trapping, and traps are most frequently various defects in the material such as dislocations, grain boundaries, etc. [5, 11, 17] .
Differences in calculated diffusion parameters between the first and the other transients are not very large, which leads to the conclusion that IF-steel has not got a large number of irreversible traps. That con- firms the permeation curves of examined steel, which have shown a steep slope. Namely, the permeation curves are sloping smoothly, indicating that the absorption of hydrogen in traps within the material is slower, and that in addition to reversible traps in the steel, there are also irreversible traps that permanently absorb hydrogen.
Nyquist and Bode impedance plot of tested IF-steel is shown in Fig. 2 . Nyquist's plot gives the dependence of the imaginary part of impedance Z on the real part of impedance Z , while Bode's plot gives the dependence of logarithm of the absolute value of impedance |Z| and phase angle Θ on the logarithm of frequency f. For the sample of IF-steel two impedance measurements were carried out, whereby for processing impedance results, the arithmetic mean of obtained impedance parameters was used ( Table 3) .
The analysis of experimental EIS data of tested IF-steel conducted using the simplest model of the equivalent electrical circuit R (QR) showed that the simulated curves matched well with the experimental curves, as can be seen in Fig. 2 (the deviation is the order of 10 −4 ). In this model the resistance of charge transfer R ct and the capacity of double layer C dl are T a b l e 3. Impedance parameters of IF-steel obtained by EIS-measurements connected in parallel, and thus represent a passive electrode system. By measuring the impedance of the real system, deviation of capacity from the "pure capacity" can occur. Therefore, to adjust and replace the capacitor C, constant phase element of the double layer Q dl is introduced, which is a combination of properties associated with the surface condition and electroactive substances. Therefore, R el represents the uncompensated solution resistance (electrolyte resistance), and n the measure of the surface heterogeneity of the electrode [15, 18] . It is evident from Table 3 that IF-steel showed little resistance to charge transfer R ct , which can be connected with a relatively easy development of hydrogen on the electrode surface and with the formation of the oxide layer of lesser thickness [19, 20] . Furthermore, the relatively high value Q dl registered at IF--steel can be explained as a consequence of less compact passive layer which grows on the surface of the sample and therefore increases the capacity of the interface metal/oxide layer or within the passive layer. In other words, the resulting passive layer due to its small thickness cannot constitute a barrier to hydrogen diffusion through the membrane of IF steel.
IF-steel is ultra low carbon (0.002 % C) mild steel microalloyed with niobium and titanium ( Table 1) . As for the inclusions, IF-steel is a very clean material, al- most with no globular inclusions, while the elongated inclusions are not registered. It is associated with the fact that investigated IF-steel has a low content of manganese and sulphur, so elongated MnS inclusions are not expected. However, its etching in nital showed inclusions of square shape (Fig. 3) , whose EDS analysis has proven to be a titanium nitride Ti 2 N (Fig. 4) . The appearance of titanium nitride was to be expected, since the IF-steel in its chemical composition has the highest amount of titanium and niobium (Table 1) , which are known as strong producers of carbide and nitride [2] .
The microstructure of IF steel consists of large ferrite grains surrounded by a small number of cementite particles (Figs. 3 and 4) . Due to the size of ferrite grains in the microstructure of this material, grain boundaries that are ideal reversible traps for hydrogen are more pronounced. However, here irreversible hydrogen traps that appear in the form of carbide, carbonitride and already mentioned titanium nitride are more significant. Namely, IF-steels are produced by cold rolling of special killed steel, and are applied for deep drawing in the conventional enamelling process. After the process of applying enamel, it anneals at a temperature of 800-850
• C and then it is cooled. At the same time, the solubility of hydrogen in steel gradually decreases, hydrogen progressively migrates to the phase boundary steel/enamel, causing undesirable phenomena called fish-scales [5, 21] . Therefore, IF-steel in its microstructure must bind carbon in cementite, and with a sufficient amount of titanium and niobium create nitrides and carbonitrides, which then serve as irreversible hydrogen traps. In this way during the enamelling the hydrogen will be trapped and unable to penetrate the boundary surface and cause the fish-scales.
Titanium and niobium carbonitrides in IF-steels are the particles of incoherent character, which dispose of their own crystal lattice. The observation of substructure on carbon replicas using transmission electron microscopy confirmed the presence of small precipitates with rather incoherent interfaces. Fine precipitation particle on the basis of titanium and niobium are shown in Fig. 5 . It is obvious that this kind of a trap is inadequate from the viewpoint of hydrogen absorption. Also, the larger inclusions based on the Ti-S (mostly Ti 4 C 2 S 2 ) are shown in Fig. 5 . Due to the small size of incoherent particles, their "help" in the capture of hydrogen atoms is not expected.
Conclusions
-Diffusion coefficients obtained for investigated IF-steel are lower by three orders of magnitude than that in crystal lattice of α-Fe, meaning that in the examined material lots of microstructural traps were present that slowed down the transport of H-atoms.
-Permeation curves of IF-steel showed a steep slope, which indicated the fact that irreversible traps (MnS-inclusions, carbides) existed in a very small number. This confirms the fact that the differences between diffusion parameters obtained from first permeation and other permeations are insignificantly small.
-Impedance measurements revealed that the resulting passive layer due to its small thickness could not represent a barrier to hydrogen diffusion through the membrane of IF-steel.
-The microstructure of IF-steel consists of large grains of ferrite with some cementite, known as an irreversible trap.
-By metallographic and SEM/EDS analysis of inclusions, titanium nitride was registered as the result of increased concentration of titanium in the chemical composition of IF-steel. Titanium and niobium were added in IF-steel forming precipitates that serve as irreversible hydrogen traps in order to prevent the appearance of fish scales in enamelling process.
